These authors contributed equally to this work Background: Circulating tumor cells (CTCs) intravasate into the bloodstream throughout early cancer stages, promoting metastasis. The tumor microenvironment plays a crucial role in disease progression and outcome. The aim of this prospective study was to investigate the associations of intratumoral and stromal tumor-infiltrating lymphocytes (TILs) with CTCs among patients receiving neoadjuvant chemotherapy (NAC). Methods: We analyzed CTCs in 30 patients with primary breast cancer before and after NAC. The numbers of intratumoral TILs (iTILs) and stromal TILs (sTILs) from pre-NAC formalin-fixed paraffin-embedded core biopsies and post-NAC surgical samples were analyzed. The associations of TILs with pathologic complete response (pCR) and outcome were also evaluated. Results: Of the 30 patients, pCR was achieved in nine (30.0%) patients. A total of 25 (83.3%) patients were CTC-positive before NAC, and eight (26.7%) patients were CTC-positive after NAC. Neither CTC detection before NAC nor CTC after NAC was predictive of pCR. Nevertheless, the presence of CTCs after NAC was significantly associated with early metastatic relapse (P = 0.049) and worse disease-free survival (P = 0.009). After NAC, total sTILs, CD4 + T cells, and CD8 + T cells were significantly correlated with CTC detection. Increased infiltration of sTILs and CD4 + T cells was also an unfavorable prognostic factor as measured by the rate of metastatic relapse. Conclusion: Detection of CTCs after NAC was positively associated with the metastatic relapse of breast cancer patients. Increased infiltration of sTILs after NAC was correlated with CTCs and was found to be an unfavorable prognostic factor.
Introduction
Breast cancer is the most prevalent malignant disease of women worldwide. 1 Metastasis, the main cause of breast cancer-related death, may be regarded as a progressive process from its inception in the primary tumor microenvironment to distant sites. Neoadjuvant chemotherapy (NAC) is being increasingly used for large operable or locally advanced primary breast cancer. 2 The effect of NAC has been attributed to the eradication of microdisseminated tumor cells that could potentially develop into distant metastases. Recently, the identification of surrogates for drug efficacy has become a major challenge. Pathologic complete response (pCR), including nodal involvement, has been acknowledged as a surrogate endpoint of NAC. 3, 4 However, this surrogate is suboptimal since the correlation between pCR and long-term outcome is not robust, and not all patients that achieve pCR are cured. Thus, other surrogate markers need to be identified. [5] [6] [7] Multiple studies suggest that intravasation of circulating tumor cells (CTCs) can occur in the early stages of cancer, promoting the generation of micrometastatic reservoirs, some of which can progress to macrometastatic disease. 8, 9 CTCs can provide real-time liquid biopsy specimens for investigating the biologic behavior of tumor metastasis. 10 During the last decade, increasing evidence has verified that the detection of CTCs in the peripheral blood is a strong predictor of progression-free survival (PFS) and overall survival (OS) in patients with metastatic breast cancer. [11] [12] [13] Several studies have also demonstrated a similar prognostic relevance for the detection of CTCs in patients with early-stage breast cancer. 9, 14, 15 However, the role of CTCs in patients receiving NAC remains unclear. Several reports have indicated that CTC counts decreased after NAC in some patients, but increased in other patients. 16, 17 A recent study observed an approximately two-fold increase in CTCs following paclitaxel treatment in all experimental models examined. 18 The REMAGUS 02 neoadjuvant Phase II study showed that CTC before therapy was significantly correlated with PFS and OS. However, tumor response to chemotherapy was not correlated with CTC detection before and after NAC. 19, 20 Moreover, no significant correlations were found for CTCs before and after NAC to PFS and OS in a study enrolling 115 breast cancer patients. 21 A decrease in CTC count has been reported to correlate with DFS, but not correlate with pCR. 16, 17 These studies yield discordant results concerning the possibility of monitoring therapeutic efficacy by detecting CTCs and suggest that CTCs may not display the same chemosensitivity as the primary tumor.
The metastatic process is generally considered to be a selective multistep process, and metastatic cancer cells may be derived from a few tumor subclones. CTCs usually show different chemosensitivity from the primary tumor, with different prognostic values. There may also be other explanations of the discrepancy observed between primary tumor and CTC characteristics. The tumor microenvironment, like breast cancer stroma, is considered to be involved in tumor progression and outcome. 22 Chemotherapy may evoke a host repair response, affecting the primary tumor microenvironment, increasing cancer cell dissemination, and inducing a more aggressive phenotype. 18, 23, 24 In addition, the immune system could mediate the antitumor activity of anticancer treatments. Tumor microenvironment immune balance has been suggested to be involved in breast cancer response and prognosis. Chemotherapy could trigger a tumor microenvironment immune response, which would affect treatment efficacy and outcome. 25, 26 Tumor-infiltrating lymphocytes (TILs) have been validated as important players in the treatment response against cancer cells and may be good surrogate markers of the immune balance affected by chemotherapy. However, conflicting results exist regarding the exact prognostic value of TILs, especially in post-treated residual tumors. 27 Studies that have evaluated TILs in breast cancer in both the intratumoral and stromal compartments separately with respect to the tumor response to NAC are limited. 28 The connection between CTCs and TILs, including intratumoral TILs (iTILs) and stromal TILs (sTILs), in breast cancer patients receiving NAC has not been examined. The aim of this study was to determine the prognostic effect of CTC detection prior to and after NAC in patients with large operable or locally advanced breast cancer. We also investigated the correlations between CTC detection and TILs in the intratumoral and stromal compartments separately.
Materials and Methods

Patients and Chemotherapy Regimen
This is an open-label, single-center, prospective study. The design of the study is shown in Figure 1 . Patients, who signed informed consent, diagnosed with large operable or locally advanced primary breast cancer from August 2013 to January 2014 were included. The present study was in compliance with the Helsinki Declaration. Eligibility criteria for the study were female patients aged >18 and <70 years with histologically proven invasive breast cancer, with no evidence of distant metastasis. Eligible patients had no history of previous malignancy. All patients received NAC, followed by surgery, hormone therapy, and radiotherapy if necessary. General information and disease-related characteristics (tumor phenotype, tumor size, lymph node status, and histological grade using the Nottingham combined histologic grading system) were collected from all participants. Estrogen receptor (ER), progesterone receptor (PR), HER2, and Ki-67 status were determined as described previously. 29, 30 Some patients received four cycles of anthracyclinebased regimen EC (with 80 mg/m 2 epirubicin and 600 mg/ m 2 cyclophosphamide) once every 3 weeks followed by four cycles of taxane regimen T (with 80 mg/m 2 docetaxel) once every 3 weeks. Other patients received six cycles of TEC (with 75 mg/m 2 docetaxel, 80 mg/m 2 epirubicin, and 600 mg/m 2 cyclophosphamide) once every 3 weeks. HER2-positive patients received 6 mg/kg trastuzumab (loading dose, 8 mg/kg) once every 3 weeks for 1 year. All patients with hormone receptor (HR)-positive breast cancer received adjuvant hormone therapy. pCR was defined as the absence of residual invasive or noninvasive tumor cells in both breast and lymph nodes.
The patients were followed at the study sites at 3-month intervals for the first 2 years and at 6-month intervals thereafter. The median follow-up period was 40 months (range, 34-47 months). Each follow-up included a clinical examination, breast ultrasound, and chest computed tomography; abdominal ultrasound every 6 months; and bone scan every year.
Collection of Blood and Tissue Samples
Pre-and post-NAC blood samples were collected from all patients included in the study. A total of 30 mL of peripheral blood (PB) in heparin was collected from each patient before the initiation of NAC and 1 week after the completion of the final cycles of NAC. The first 5 mL of blood was discarded to reduce blood contamination by epithelial cells from the skin. PB was also collected from 20 healthy donors (HDs). Blood specimens were processed no later than 2 h after collection. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient centrifugation. Pre-NAC formalin-fixed paraffinembedded core biopsies and post-NAC surgical samples were also collected. Samples were obtained with the patients' written informed consent after approval by the ethics committee of The First Affiliated Hospital with Nanjing Medical University. Neither patients nor clinicians were informed of the results.
Circulating Tumor Cell Detection
RNA Extraction and cDNA Synthesis
Total RNA of PBMCs from patients and HDs was isolation using TRIzol reagent (TaKaRa, China) according to the manufacturer's instructions. All RNA preparation steps were performed under RNase-free coding. RNA concentration was determined using a NanoDrop 2000 spectrophotometer and RNA quality was verified by 1.5% non-denaturing agarose gel electrophoresis. Reverse transcription of RNA was carried out with the PrimeScript RT Master Mix system (TaKaRa).
Identification of Gene Transcripts in PBMCs
Real-time qPCR for GAPDH and marker genes (CK19, SBEM, and hMAM) was performed with cDNA samples prepared using PBMCs from patients and HDs. Gene expression was quantified with SYBR green assay using the ABI StepOnePlus system (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. The relative expression of each gene was calculated using the equation 2 −ΔCt (ΔCt = Ct gene -Ct GAPDH ). Real-time qPCR positivity was defined as gene expression beyond the cut-off threshold, which was set at three standard deviations from the mean expression in CD45 + PBMCs from HDs. Samples positive for at least one of the markers were considered to contain CTCs. 
Intratumoral and Tumor-Associated Stromal TIL Analysis
Formalin-fixed paraffin-embedded serial tissue sections from both the diagnostic core biopsies and the surgical samples were selected to include tumor tissue and tissue surrounding the tumor. We evaluated the amount of iTILs and sTILs based on criteria published by Denkert et al. 31 iTILs are defined as lymphocytes in direct cell-to-cell contact with tumor cells without intervening stroma and were reported as the percentage of tumor epithelial nests that contain infiltrating lymphocytes. sTILs were defined as the percentage of stroma area that contains a lymphocytic infiltrate without directly interacting with tumor cells. 32 Two experienced pathologists performed the histopathologic analysis independently and the mean was used for analysis.
Immunohistochemistry for total TILs, CD4 + T cells, and CD8 + T cells was performed in the intratumoral and stromal compartments separately, according to standard procedures.
Statistical Methods
In the present study, median and percentiles were analyzed for continuous variables and frequency (percentage) was used for categorical variables. Normality of distribution was tested by the Kolmogorov-Smirnov test. The Student's t-test was used if data were normally distributed. Otherwise, the Wilcoxon-Mann-Whitney test was used. The χ 2 test was used to analyze and compare frequencies for categorical variables. Statistical analyses were performed using STATA version 14.0 (Computer Resource Center, USA). P < 0.05 was considered significant in twosided tests.
Results
Baseline Clinical Data
In the present study, one patient was excluded due to mammitis disease determined by core biopsy; two patients diagnosed with metastatic disease were also excluded. From August 2013 to January 2014, 30 invasive breast cancer patients were enrolled. Patient characteristics are shown in Table 1 . The median patient age was 44.5 years (range, 29-68 years). Of these 30 patients, 15 were diagnosed as ER-and/or PR-positive and 14 exhibited HER2 overexpression. Pre-and post-NAC blood samples were obtained from all 30 patients.
Pre-NAC formalin-fixed paraffin-embedded core biopsies and post-NAC surgical samples for TILs were collected from 19 patients.
Association of pCR with Metastatic Relapse
First, we found that pCR was associated with good prognosis only in a subgroup of patients. Among the 30 patients, nine patients achieved pCR. After a median follow-up period of 40 months (range, 34-47 months), 13 patients developed distant metastasis. pCR was associated with a lower rate of metastatic relapse in a subgroup of HR-negative breast cancer patients (P = 0.002), but no significant association was observed in the entire study population (see Supplementary Table 1 ). For all patients, we did not observe improved DFS in the cases with pCR after NAC (P = 0.489, Figure 2A ). 
Association of CTC Detection with Metastatic Relapse and pCR
As pCR does not have a strong prognostic value in all breast cancer patients, we wondered whether CTC detection had a significant effect on metastatic relapse. Of the 30 patients, 25 patients were CTC-positive before NAC, and eight patients were CTC-positive after NAC. The rate of detection of CTCs was significantly higher in HER2-negative breast cancer patients than HER2positive patients before NAC (P = 0.014, Table 1 ). The disease-free probability was 25% for patients with CTCs and 68.2% for patients without CTCs after NAC. The presence of CTCs after NAC was significantly associated with early metastatic relapse (P = 0.049, Table 2 ). Patients with CTCs after NAC also had a significantly worse DFS than that of patients without detectable CTCs (P = 0.009, Figure 2C ). By contrast, no significant correlation between CTC detection prior to NAC and relapse was observed ( Figure 2B ). In a subgroup analysis, patients were stratified according to HR status. No statistically significant predictor of metastatic relapse was observed for HR-positive or HR-negative breast cancer patients (all P > 0.05, Table 2 ). Finally, we found that neither CTC detection before NAC nor CTC detection after NAC was predictive of pCR, indicating the discrepancy between primary tumor and CTC chemosensitivity.
Associations of TILs with pCR and CTCs Prior to and After NAC
To investigate whether TILs were involved in primary tumor or CTC chemosensitivity, we detected iTILs and sTILs in core biopsies before NAC and surgical tissues after NAC. Representative images of a case are shown in Figure 3 . In the present study, TIL levels did not show statistical differences with respect to age, tumor size, tumor grade, Ki-67, HR status, or HER2 status (all P > 0.05, data not shown). First, we investigated the prediction of response to NAC by TILs detected in biopsy tissues prior to NAC. The overall median and range of iTILs and sTILs were 10% (0-250%) and 10% (1-80%), respectively. A significant correlation was not obtained between TILs and pCR or between TILs and CTC detection (data not shown).
In contrast with the detection of TILs prior to NAC, we suspected that the effector function of TILs might be affected by chemotherapy after NAC. After NAC, the median and range was 10% (2-70%) for total sTILs, 5% (1-50%) for CD4 + T cells, and 5% (1-20%) for CD8 + T cells in the stroma. No significant correlations were found between sTILs (including total sTILs, CD4 + T cells, and CD8 + T cells) and pCR (all P > 0.05, Table 3 ). Of note, among the patients who received TIL evaluation, iTILs after NAC could not be detected for five patients who achieved pCR; thus, the association of iTILs with pCR could not be analyzed. Since chemotherapy could evoke a host repair response, affecting the primary tumor microenvironment thus facilitating tumor metastasis, we asked whether the contribution of TILs would be different between patients with CTCs and patients without CTCs after NAC. For patients who did not achieve pCR, iTILs, including total TILs, CD4 + T cells, and CD8 + T cells, were not significantly different between patients with and without CTCs after NAC (all P > 0.05, Table 3 ). However, sTILs were significantly correlated with CTC detection after NAC ( Table 3 ). The median and range of total sTILs in cases with and without CTC detection were 25% (10-70%) versus 10% (2-60%), respectively (P = 0.023). The median and range of CD4 + T cells in stroma in cases with and without CTC detection was 17.5% (5-50%) versus 4% (1-40%), respectively (P = 0.010). The median and range of CD8 + T cells in stroma in cases with and without CTC detection were 9% (3-20%) versus 2% (1-20%), respectively (P = 0.040).
Association of TILs with Metastatic Relapse
As sTILs were significantly correlated with CTCs after NAC, we wondered whether TILs could play a role in the prognosis of patients who received NAC; however, no significant correlation with metastatic relapse was observed for iTILs or sTILs detected in biopsy tissues prior to NAC (data not shown).
Similar to the relationship between TILs and CTCs, we focused on the prognostic significance of TILs in surgical tissues after NAC (Table 3 ). Increased infiltration of sTILs was found to be an unfavorable prognostic factor measured by the rate of metastatic relapse (P = 0.028). Patients with high CD4 + T cells in the stroma had a significantly higher rate of metastatic relapse (P = 0.011). By contrast, CD8 + T cells in the stroma were not significantly associated with patient relapse. Discussion NAC was introduced in the early 1970s to treat inoperable locally advanced breast cancer. pCR is currently the main endpoint of NAC treatment. 3, 4 However, the correlation between pCR and long-term outcome is not robust. 5 Our study found that pCR was associated with a lower rate of metastatic relapse only in a subgroup of HR-negative breast cancer patients; no correlation was found in the total population as reported previously. 33 Other surrogate markers with significant prognostic value are therefore needed.
As reported, CTCs are considered to be "seeds" of fatal metastasis. Much work has been conducted in the detection and characterization of CTCs in recent years, yielding discordant results concerning the possibility of monitoring therapeutic efficacy by detecting CTCs. [19] [20] [21] Our study found that CTC detection was not correlated with pCR before or after NAC, indicating the discrepancy between primary tumor and CTC chemosensitivity. Of note, we found that the detection of CTCs before NAC was not correlated with metastatic relapse, whereas the detection of CTCs after NAC was significantly associated with a higher rate of metastatic relapse. In contrast with our results, previous studies have demonstrated that the detection of CTCs at the primary diagnosis of breast cancer was also associated with worse prognosis based on a large cohort. 15 We supposed that the prognostic relevance of CTCs after NAC could be more valuable than before NAC because NAC allowed for the identification of patients with CTCs evading standard chemotherapy and capable of generating metastases. Thus, a significant predictive prognosis value of CTCs after NAC, but not before NAC, was gained in our small sample size study.
CTCs are continuously under attack in the tumor microenvironment, which contains the immune surveillance system. Mego et al demonstrated that abnormalities in T-cell-mediated immunity could be found in patients with CTCs, which could potentially initiate and impact the dissemination of tumor cells. 34 Stromal gene expression analysis revealed a strong prognostic capacity of differential immune responses, highlighting the importance of stromal biology in tumor progression. 35 To our knowledge, no data to date are available regarding the role of TIL location in CTCs prior to/after NAC. In the present study, we investigated the correlation of TILs (sTILs and iTILs) with pCR and CTCs separately. A previous meta-analysis including 12 studies showed that higher TIL levels in Table 3 Correlation of pCR or CTCs and Infiltrating Lymphocytes After Neoadjuvant Chemotherapy pre-treatment biopsy tissues indicated higher pCR rates for NAC in breast cancer. 28 Given the small sample size, no significant correlations prior to NAC were found between TILs and pCR. In contrast to TILs in tumors prior to NAC, the contribution of TILs in residual tumors after NAC to response and prognosis is still unclear. Injury from chemotherapy may lead to the formation of a new tumor immune microenvironment and changes in TIL function, possibly contributing to a different predictive value. We found that increased infiltration of sTILs after NAC was an unfavorable prognostic factor, significantly correlated with CTCs and metastatic relapse, which is consistent with a previous study indicating an increased number of TILs in patients with significantly worse DFS. 27 By contrast, no association was validated between iTILs after NAC and breast cancer prognosis. Another study also found that sTILs are superior to iTILs in predicting response to therapy. 32 We hypothesized that the location of TILs in breast cancer contributes differently to disease outcome, with biological differences between lymphocytes located close to tumor cells compared with those located distant from tumor cells and embedded in the stroma.
The contribution of different TIL subpopulations to biological and clinical tumor behavior remains unclear. CD4 + T cells play a critical role in tumor immunity, and the results of previous studies have been controversial. Each subset of CD4 + T cells has a unique role in immune response during tumor development. [36] [37] [38] A previous study reported that CD4 + TILs have negative prognostic effects on breast cancer patient outcomes. CD4 + TILs could significantly increase in numbers and its dominant subsets changed to Treg and Th17 cells, which may contribute to tumor promotion. 39 Similarly, the present study suggested that increased CD4 + TILs in the stroma after NAC predicted early metastatic relapse, but no efficacy of the CD4 + T subset has been reported.
We found that high levels of CD8 + T cells in the stroma after NAC were associated with the presence of CTCs, which is in contrast to that of CD8 + TILs, which can effectively kill cancer cells. 40 However, prolonged exposure of CD8 + TILs to cancer cells can lead to complete or partial loss of their effector function, producing a state of exhaustion, 41 which may have contributed to the results of our study. The potential of TILs to predict the presence of CTCs and risk of relapse may depend on lymphocyte location, subpopulation, and optimal timing for sampling.
The present study has several limitations. First, the sample size was relatively small; additional studies are needed to further confirm our findings. Second, we did not detect CTCs by CellSearch; thus, the contribution of changes in CTC count and number in the tumor response and prognosis is lacking. Third, interactions among subgroups of TILs, interactions of TILs in the tumor site compared with those in the stroma, and interactions of TILs with tumor cells are complicated and we did not investigate the functional status of TILs in the present study. More functional assays will be required to determine the prognostic and predictive role of TILs and CTCs.
Conclusions
The detection of CTCs at different time points before, after, and during systemic therapy might serve as a tool to predict response and disease progression or guide treatment in breast cancer patients. Despite the above limitations, our findings suggest that the detection of CTCs was not correlated with pCR before or after NAC, indicating the discrepancy between primary tumor and CTC chemosensitivity. Given the small sample size, we did not identify a significant predictive role of TILs in the rate of pCR. However, detection of CTCs after NAC was positively associated with metastatic relapse of breast cancer patients. Although our data cannot confirm causality, it suggests that the locations of TILs at different time points have different associations with CTCs and disease progression. Increased infiltration of sTILs after NAC was significantly correlated with the detection of CTCs and was found to be an unfavorable prognostic factor. This may be because the tumor microenvironment and tumor-stromal interactions impact tumor cell dissemination and initiation of the metastatic cascade and thus play a prominent role in determining breast cancer outcome.
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